INTRODUCTION
Genetic information, as stored in genomic DNA, is translated into proteins by ribosomes. This process needs tight control and accuracy so that the same functional protein is obtained from the same gene [1] [2] [3] . To preserve accuracy, ribosomes select for cognate aminoacyl-tRNAs matching nucleotide triplets (codons) of the mRNA and discriminate against non-and near-cognate aminoacyl-tRNAs. The correct tRNA charging is secured by highly specific aminoacyl-tRNA synthetases (aaRSs). Assuming there to be selection for ''one mRNA-one protein,'' it is not surprising that the genetic code is near universal, with there being only a few minor alterations. One such modification is the alternative decoding of the UGA stop codon by selenocysteine, although this affects only a few proteins [4, 5] . Genomewide changes to the meaning of codons happened in the comparatively tiny organellar genomes of many species, but are extremely rare in nuclear genomes [6, 7] . Except for yeasts, only stop codons are affected by nuclear codon reassignments. In addition to complete reassignments, several ciliates and a trypanosomatid have been discovered in which one or all stop codons have dual or, in case of the UGA stop codon, even threefold meanings [8] [9] [10] [11] . The decoding by standard amino acid, selenocysteine, or stop codon is always context specific and never ambiguous.
Yeasts from the clade comprising the Debaryomycetaceae and Metschnikowiaceae (abbreviated as ''DM clade'' from here on) and Pachysolen tannophilus are currently the only known species where a sense codon has been reassigned in nuclear genomes. They translate CUG as serine and alanine, respectively [12] [13] [14] [15] , rather than as the ''universal'' leucine. Recently, four genomes from another major yeast clade comprising the Ascoidea and Saccharomycopsis species (named ''Ascoidea clade'' from here on), have been sequenced [15, 16] . These were proposed to form a monophyletic clade according to a multigene analysis [17] and include Saccharomycopsis fibuligera, the major amylolytic yeast for food fermentation using rice and cassava [18] . In contrast to the suggested CUG decoding by leucine in Ascoidea rubescens [15] , the Bagheera webserver for predicting yeast CUG codon translation [19] does not reveal any tRNA CAG identity (CAG being the anticodon to CUG). This and lack of CUG codons at conserved sequence positions suggest a novel genetic code. To understand this better, we sought to investigate the evolutionary history of this recoding.
RESULTS

Translation of CUG Is Stochastic in Ascoidea asiatica
To determine the CUG codon translation in Ascoidea clade yeasts, we performed unbiased liquid chromatography-tandem mass spectrometry (LC-MS/MS) analyses generating approximately 5.34 million high-quality mass spectra of the following seven yeast proteomes: the four Ascoidea clade yeasts A. asiatica, A. rubescens, S. fibuligera, and Saccharomycopsis malanga; Babjeviella inositovora and Clavispora lusitaniae from the DM clade and Nakazawaea peltata, which is the closest relative to P. tannophilus with a sequenced genome ( Table 1 ; Figure S1; Data S1). To obtain peptide spectrum matches (PSMs) free of CUG-translation bias, 20 replicates for each genome annotation were generated with the CUG codon translated into a different amino acid in each replicate. Spectra searching against these databases resulted in 2.96 million PSMs (394,755 non-redundant peptide matches) with a median mass measurement error of about 408 parts per billion. We identified 31%-67% of the predicted proteins with median protein sequence coverage of 19%-27% and CUG codon recovery of 8%-23% (Table 1 ; Data S1). To control the quality of the CUGcontaining peptide identifications, we considered only those with b-and/or y-type fragment ions around CUG codon positions as fully supported. Unless otherwise stated, all numbers given below refer to fully supported CUG positions.
The A. asiatica coding sequences contain remarkably few CUG codons (4,936 codons as opposed to, for example, 27,696 in the DM clade yeast C. lusitaniae and 53,966 in N. peltata; Data S1). For 110 of the A. asiatica CUGs, we were able to resolve their translation with confidence (Table 1 and Data S1, sample 1). Remarkably, from the 929 PSMs covering those 110 CUG codon positions, 919 PSMs divide into almost equal parts to leucine (501 PSMs, 53.9%; 82 CUG positions) and serine (418 PSMs, 45.0%; 65 CUG positions; Figures 1A, S1B, and S1C; Table 1 ; Data S1). In contrast, we find that S. fibuligera and S. malanga both primarily translate CUG as serine, as evident in the 2,192 (93.0%; S. fibuligera sample 1) and 2,984 (96.8%; S. malanga) PSMs covering 513 and 997 CUG positions translated as serine, respectively ( Figure 1A ; Table 1 ; Data S1). A. rubescens contains similarly low numbers of CUG codons as A. asiatica (7,359 codons) , but translates them unambiguously as serine ( Figure 1A ). Of the 2,119 PSMs covering 361 CUG codon positions, 2,038 (96.2%; 333 CUG positions) contain CUG codons translated as serine (Table 1 ; Data S1). Observed percentages of ''only'' about 95% PSMs covering correctly translated CUG codons compare to those observed in the DM clade yeasts B. inositovora and C. lusitaniae that both unambiguously translate CUG as serine: 95.3% (2,635 PSMs; 881 CUG positions) and 95.9% (3,031 PSMs; 771 CUG positions; Table 1 ; Data S1) of PSMs are translated as serine in B. inositovora and C. lusitaniae, respectively. Rather, the majority of the PSMs with other translations represent differences between sequenced and analyzed yeast strains or base-calling and coverage-dependent genomic ambiguities, because in general about 99% of the CUG positions are unambiguous ( Table 1 ; Nape, N. peltata. See also Data S1 and S2. a ''Unambiguously translated'' refers to all CUG positions for which only peptides with one translation were found. These not only include CUG positions translated by the expected, cognate tRNA-decoded amino acid but also CUG positions translated by other amino acids that might result from genome sequencing ambiguities and differences between sequenced and analyzed strains. For A. asiatica, we regard translation by both serine and leucine cognate tRNA CAG as ''unambiguous.'' Data S1). This ratio is neither restricted to translation as serine nor to low codon recovery, as evident in 96.5% (31,945 PSMs; 7,662 CUG positions; Table 1 ; Data S1) of PSMs translated as alanine in N. peltata (CUG codon recovery of 23.5%). Percentages of CUG codon positions supported by b-/y-type fragment ions are similar in all samples. The unparalleled equal distribution of leucine and serine in A. asiatica could be caused by an endogenous, stochastic CUG codon translation or, as with stops recoded for selenocysteine, by flanking motifs determining that certain CUGs are always leucine and certain others are always serine. To test between these two possibilities, we considered what happens at any given position. At 44 CUG codon positions (40%), we found PSMs with both translations, and these positions are covered in total with almost as many PSMs with leucine (394 PSMs) as PSMs with serine (357; Figures 1B and S1C; Table 1 ; binomial test, p = 0.19). Most importantly, the distribution of PSMs with leucine and with serine is very similar for every single position ( Figures 1C and 1D ). At another 59 sites with fully supported CUG positions, we only recovered PSMs with either leucine (107 PSMs at 38 positions; mean of 2.8 per site) or serine (61 PSMs at 21 positions; mean of 2.9 per site) ( Figure 1E ). Because we observe unique translation into either leucine or serine only at CUG positions with low coverage, it seems plausible that deeper proteomic coverage would lead to observation of stochastic translation at these sites, too.
To exclude bias from sample preparation, we generated proteomics datasets from further, independent samples grown in different media (Data S1). Analysis of these data showed similar stochastic CUG translation in all samples ( Figure S2A ), considerable overlap of the covered CUG positions ( Figure S2B ), and, most notably, recovery of some of the CUG positions translated into only serine or leucine in sample 1 with the respective other amino acid ( Figure 1B ). We conclude that exceptionally, A. asiatica has stochastic translation of CUG to two possible fates. Analysis of the other 11 leucine and serine codons, of which CUC, AGC, and UCG have similarly low codon frequency as CUG, showed these to be translated unambiguously ( A. asiatica is found to translate CUG stochastically into both leucine and serine, whereas A. rubescens, S. fibuligera, and S. malanga translate CUG codons into serine with a level comparable to that found for B. inositovora and C. lusitaniae, which both branch inside the DM clade. N. peltata is the second species found to use the Pachysolen genetic code. The size of the squares corresponds to the percentage of PSMs with supported CUG with the respective translation (see also Table 1, Figure S1 , and Data S1 and S2). (B) Number of PSMs covering CUG codon positions translated as leucine or serine in A. asiatica: for each CUG position; the number of PSMs with a leucine (blue bars; upper) and serine (orange bars; lower) at the CUG codon is given. Gray bars denote the number of all PSMs, including those where the respective leucine or serine is not supported by b-/y-type ions. Those CUG positions that are exclusively translated into leucine or serine in this sample but also found with the respective other translation (considering positions with b-/y-type ion support only) in another sample are highlighted by dots (see also Figure S2 ). (C) The proportion of CUG codons translated as serine and leucine was determined for every CUG codon position for which PSMs with both translations were available, and the number of CUGs is plotted in bins of 10%: e.g., the first bin contains all CUGs with proportions from 0% to 10%. (D) For every CUG codon position, we separately determined the proportion of PSMs with leucine and the proportion of PSMs with serine, and piled the number of PSMs for the respective proportion in bins of 10%. By far, most PSMs are found at positions with balanced translation, whereas only few PSMs are found at the CUG positions with unbalanced leucine-serine translation. (E) The boxplot contrasts the number of PSMs found at CUG positions with stochastic translation with the number of PSMs found at CUG positions with only leucine or serine translation.
Stochastic Encoding of CUG Is Best Explained by Competing tRNAs
The observed stochastic CUG translation in A. asiatica could either result from competing tRNA Leu CAG and tRNA Ser CAG or from misaminoacylation of one species of tRNA CAG . The fact that the translation to leucine occurs at approximately the same rate as to serine is more compatible with the competing tRNA model, as prior examples of misaminoacylation give only very weak skews. In particular, misaminoacylation has been reported for Candida zeylanoides and Candida albicans, where their tRNA Ser CAG might be leucylated by the LeuRS to about only 3% [20, 21] . We are aware of no example where misaminoacylation occurs at 50:50 rates. By contrast, the high rates are potentially easily explained by the presence of two competing species of functional active tRNAs. Moreover, there is precedent for two different types of tRNA for the same codon in eukaryotes, albeit only in the context of deterministic translation, i.e., the UGA stop codon, where selenocysteine translation is extremely rare and highly specified by the selenocysteine insertion sequence (SECIS) element [8, 9] . Similarly, a few bacteria were also suggested to use sense codons for decoding selenocysteine, but in every case selenocysteine incorporation is specified by the SECIS element [22] .
In silico and natural knockout analysis strongly support the viability of the competing tRNA model. The competing tRNA model predicts the presence of at least two distinct species of tRNA CAG in A. asiatica, and this is indeed consistent with in silico evidence. To resolve the identities of the Ascoidea yeast tRNA CAG , we predicted tRNAs in 137 sequenced yeast species and performed phylogenetic analyses of tRNA CAG together with representatives from all isoacceptor Leu-, Ser-, and Ala-tRNAs ( Figure 2A) Three species thus appear to have two species of tRNA CAG , tempting the question: what is happening in the other two species, S. fibuligera and S. malanga? Here we see no evidence for 50:50 encoding. In these two, only 1.48% and 0.39% CUG positions (of 541 and 1,033 CUG positions covered in total) show dual translation, respectively. In addition, for those eight (S. fibuligera) and four (S. malanga) CUG positions with serineleucine ambiguity, there are 6.9 and 7.8 times more PSMs with serine than PSMs with leucine, respectively, indicating extremely low usage or efficiency of tRNA Leu CAG (Table 1) . Thus A. asiatica is exceptional. Importantly, this exceptionalism is reflected in the structure of its tRNA Leu CAG . In contrast to their tRNA Ser CAG , the tRNA Leu CAG from A. asiatica and the two Saccharomycopsis are distinct: they group differently in the phylogenetic trees and most likely have different origins ( Figure 2 ). Consistent with the competing tRNA model, the Ascoidea clade tRNA Leu CAG contains all elements shown to be important for leucylation specificity and accuracy, such as a methylated G37, extended variable loop, and discriminator base A73 [23] [24] [25] [26] . The Saccharomycopsis tRNA Leu CAG , by contrast, differs from the A. asiatica tRNA Leu CAG and the Leu-tRNA consensus pattern by pyrimidine nucleotides at position 20a ( Figure 2B ). We also identified a tRNA Ala CAG in N. peltata that only shares the Ala-tRNA consensus nucleotides with the P. tannophilus tRNA Ala CAG , including the invariable G3-U70 base pair and the A73 discriminator base identity elements (Figure 2) [27] [28] [29] . Similar to the Ascoidea clade tRNA Leu CAG , these two tRNA Ala CAG have most likely been derived from different ancestors. Thus, the proteomics data evidence that the Saccharomycopsis yeasts and A. rubescens have switched CUG translation from the universal leucine to serine but that A. asiatica has been left with two functional tRNAs in the process.
Might it be possible that A. asiatica tRNA Ser CAG functions as an ambiguous tRNA? The presence of a unique tRNA Ser CAG in the close relative A. rubescens suggests not. This species translates CUG as serine, in accord with its unique tRNA. Importantly, the two A. asiatica tRNA Ser CAG are identical to the A. rubescens tRNA Ser CAG except for only 1 and 2 nt, respectively, and differ only in the variable loop from the Saccharomycopsis tRNA Ser CAG ( Figure 2B ). Importantly, all Ascoidea clade tRNA Ser CAG contain the conserved Ser-tRNA identity elements, the presence of a variable loop, and the discriminator base G73 [30, 31] . A37 has also been shown to be an antidiscriminant against the LeuRS [20] . Thus, the presence of a near-identical and unambiguously translated tRNA Ser CAG in A. rubescens provides a near-perfect natural knockout study looking at the effect of not having the tRNA Leu CAG . Because the two A. asiatica tRNA Ser CAG sequences are near identical to the A. rubescens tRNA Ser CAG sequence, both tRNAs can also be considered functional and unambiguously serylated. Assuming as much, leucines at CUG codons in A. asiatica must result from tRNA Leu CAG , which accordingly must be functional as well.
Although the evidence suggests the tRNA Ser CAG of A. asiatica must be functional (being such a strong resemblance to the functional species in A. rubescens), might the tRNA Leu CAG be misserylated? This seems highly unlikely, because the sequence contains all Leu-tRNA identity elements and is consistent with the Leu-tRNA consensus pattern, and the SerRS is highly specific for Ser-tRNAs, as evident from the unambiguous decoding of the five leucine codons (Data S2). Regardless, the A. asiatica tRNA Leu CAG must be a competitive decoding adaptor, because we found slightly more leucine than serine at CUG positions in all samples, although the ratio of tRNA Leu CAG to tRNA Ser CAG is 1 to 2.
Incidentally, tRNA Ser CAG from the Ascoidea clade yeasts are not related to tRNA Ser CAG from the DM clade. They belong to the tRNA GCU family (for AGY codons), whereas the monophyletic tRNA Ser CAG are from the DM clade group within the HGA isoacceptors ( Figure 2A ). The AGA, CGA, and UGA isoacceptors (for UCU, UCG, and UCA codons, respectively) do not form monophyletic groups. Thus, the DM clade tRNA Ser CAG could have originated from any of these isoacceptors and not necessarily from a tRNA CGA ancestor, as suggested by the few tRNA sequences available 20 years ago [13, 32] .
Overall, the situation in A. asiatica rather resembles an experiment in C. albicans, where expression of a heterologous tRNA Leu CAG in wild-type background resulted in increased leucine incorporation at CUG sites in a reporter protein to 28% [21] . Similar to misaminoacylation, RNA-editing processes can also not explain the observed stochastic translation into both leucine and serine, even more so because it would require the editing of at least 2 nt to switch a CUG into a serine codon. Decoding of CUG by the tRNA Leu UAG isoacceptor through wobble base pairing could be responsible for some ambiguity (as seen in A. rubescens [0.83%] and the Saccharomycopsis species [0.38% and 1.48%]) but not for 50:50 stochasticity. Thus, all evidence suggests that CUG translation in A. asiatica is in fact the result of the presence of competing tRNA Leu CAG and tRNA Ser CAG . Definitive evidence would require detailed biochemistry of tRNA-amino acid association, but this is currently not tractable in this non-model species.
A. asiatica Copes with Stochastic Coding by Avoiding CUG in Key Locations
Ambiguous decoding is expected to be a very unstable intermediate state and to be resolved by loss of one of the tRNAs. To determine how A. asiatica copes with such a sub-optimal condition, we analyzed the positions of CUG codons in alignments of 26 proteins from 137 sequenced Saccharomycotina yeasts and 11 fungal outgroup species. First, Ascoidea species have considerably fewer CUG codons at conserved protein alignment positions than other yeasts with reassigned CUG: whereas both B. inositovora and C. lusitaniae have discriminatory CUG codons at highly conserved serine positions, as has N. peltata at highly conserved alanine positions, all four Ascoidea clade yeasts lack CUG codons at highly conserved protein alignment positions (Figures 3 and S3 ). In A. asiatica in particular, none of the CUG codons fall at even moderately conserved alignment positions. This is not an effect of low codon usage, because all other leucine and serine codons show similar distributions on highly conserved alignment positions (Figures 3 and S3 ). Instead, this is likely to be the result of the stochastic codon translation selecting against CUG at positions of any importance ( Figures  4A and 4B) .
In contrast to the above, a low level of leucine (mis)incorporation at CUG positions does not select against CUG at conserved serine positions. DM clade species have similar numbers of CUG at conserved serine positions independent of having a potentially slightly misleucylated tRNA Ser CAG or having tRNA Ser CAG showing 100% serine identity due to the A37 antideterminant against LeuRS [33] . Unambiguous translation of CUG as serine both in B. inositovora and in C. lusitaniae ( Figure 1A ; Table 1 ; Data S1) also suggests that the m 1 G37 nucleotide, which was shown to cause minor-level misleucylation in vitro [20] , might not have any effect on correct serylation in vivo because the C. lusitaniae tRNA Ser CAG contains m 1 G37 ( Figure 2B ). Also, there is no correlation of the number of CUGs at conserved serine positions with a free-living or pathogenic lifestyle of the Candida species [33] . Thus, it is considerably more likely that stochastic decoding can reduce or remove CUG from conserved positions whereas low-level mistranslation cannot.
Second, CUG codons are avoided in A. asiatica in general (Data S1) and, if used, used only in genes with very low to low expression levels ( Figures 4C and 4D) , both reducing the effective costs of stochastic encoding. In Ascoidea clade yeasts, CUG codons are genome-wide among the codons with lowest to third-lowest frequency. Accordingly, CUG is by far the least AGC AGU Figure 3 .
Conservation of the CUG Codon in Comparison to CUN and AGY Box Codons
The plot on top denotes the total number of CUN box and AGY box codons in the concatenated cytoskeletal and motor protein sequence alignment, whereas the plots below show the percentage of each codon present at alignment positions with a certain conservation score. On the left, codons found at alignment positions enriched in the expected amino acid are shown, contrasted by codons found at alignment positions enriched in an unexpected amino acid on the right. For the remaining leucine and serine codons, see also Figure S3 .
used codon of the serine codon box, with the lowest level in A. asiatica (1.2%; 1.3% when considered part of the leucine codon box) and slightly higher levels in the other Ascoidea clade yeasts (2.4%-4.9%; Figure S4 ). In contrast, CUG codons are well established in B. inositovora (7.4%) and C. lusitaniae (10.6%), and the CUG codon in N. peltata is, with 27.5%, the secondmost used alanine codon ( Figure S4 ). In addition to this genome-wide reduction, effective CUG usage is further decreased by maintaining CUG codons in lowly expressed genes only as evidenced by the codon usage found in the proteomes. In the A. asiatica proteome, 0.4% of serine codons (0.2% with respect to leucine codons) are CUG codons, as are 0.6%-1.8% of the serine codons of the other Ascoidea clade yeasts ( Figure S4 ). This suggests that A. asiatica has in part solved the problem of stochastic CUG translation by avoidance of the problem.
CUG Stochasticity Was Probably
Resolved by Loss of Function of the tRNA Leu CAG Gene in Other Species How did A. asiatica's closest relatives resolve codon ambiguity? To determine the most likely position and timing of the divergence of the Ascoidea and Saccharomycopsis yeasts, we combined concatenation of multiple genes with deep taxonomic sampling ( Figures 5 and  S5) . The resulting phylogenies strongly support monophyly of the Ascoidea clade yeasts and their branching before the split of the branch containing the DM clade and Pichiaceae species and the branch containing the Phaffomycetaceae, Saccharomycetaceae, and Saccharomycodaceae. Mapping the tRNA data onto the tree shows that the origin of the Ascoidea tRNA Ser CAG dates back 190-230 Mya to the common origin of Ascoidea and Saccharomycopsis, whereas the tRNA Leu CAG are divergent in Ascoidea and Saccharomycopsis and presumably appeared only after the split of these two branches ( Figure S6 ). The S. fibuligera and S. malanga tRNA Leu CAG are very similar, denoting a common origin in the ancient Saccharomycopsis. Given that these species predominantly translate CUG as serine, the ancient tRNA Leu CAG was either non-functional in the first place already, or became non-functional after a period of codon ambiguity. If the ancient tRNA Leu CAG was never functional, there would have been no constraint on reintroducing CUG codons at serine positions early. In this scenario, one would expect a considerable number of CUG codon positions to be shared between the two Saccharomycopsis, similar to the CUG position conservation seen in DM clade species (Figures 6 and S7) [33] . Such position conservation is, however, not found between the Saccharomycopsis, which in turn suggests that the ancestor of the Saccharomycopsis indeed experienced some time of codon ambiguity before its tRNA Leu CAG became non-functional. Notably, the Saccharomycopsis tRNA Leu CAG have purine nucleotides at position 20a in the D loop instead of the usual pyrimidine found in all yeast Leu-tRNAs including the A. asiatica tRNA Leu CAG ( Figure 2B ). Such purine nucleotides have been shown to reduce leucylation efficiency in human tRNA Leu by a factor of 25 while not changing their tRNA identity [24] . These data suggest that even if the Sac-charomycopsis tRNA Leu CAG are expressed at competitive levels, only a minor fraction is likely to be leucylated and functional. This is supported by analysis of RNA sequencing expression data for S. fibuligera under low and high glucose and sulfur limitation [16] showing the presence of the unprocessed (introncontaining) tRNA Ser CAG and tRNA Leu CAG in all conditions. For unknown reasons, these non-functional tRNAs were not disbanded already and are instead still kept in the genomes. In contrast, A. rubescens does not have a tRNA Leu CAG and therefore has either never experienced codon ambiguity or has resolved it by a more recent loss of its tRNA Leu CAG . The absence of any CUG codons at highly conserved serine positions and the very low total number of CUG codons strongly support the second scenario. Future sequencing efforts redeeming the present undersampling might well reveal Saccharomycopsis species without tRNA Leu CAG or Ascoidea relatives still containing a non-functional tRNA Leu CAG . The findings in A. asiatica's relatives render it most parsimonious that they experienced a phase of CUG stochasticity that was in turn resolved by loss of function of the tRNA Leu CAG gene. Given the rate of introduction of CUGs at important positions in (C) Codon usage in the genome versus proteome. The scatterplot presents the fraction of each codon per family box according to its usage in the genome, determined by analysis of the gene prediction dataset, versus its usage in the proteome, determined by analysis of the MS/MS data. Serine and leucine family box codons and the CUG codon are highlighted by red, blue, and purple color, respectively. The CUG codon is the leucine (and serine, respectively) codon least used. Serine and leucine codons preferably used in the proteome are indicated for orientation. See also Figure S4 . (D) Percentage difference between theoretical and actual codon usage. Proteins actually captured by LC-MS/MS show a preference/rejection of certain codons compared to their average usage in the genome. The CUG codon is among those found less often than expected, meaning that it is used more often in lowly than in highly expressed genes. Leucine and serine codons are highlighted the same as in (C).
the DM clade yeasts, the finding that only few CUGs are found at highly conserved serine positions in Saccharomycopsis, and none in A. rubescens, is most parsimonious, with the possibility that resolving codon ambiguity was a rather recent event in these species. Interestingly, both A. rubescens and the two Saccharomycopsis independently opted for the same tRNA, the one coding for serine. This is even more surprising, as it should be favorable to reestablish the complete leucine codon box and subsequently profit from simpler codon mutating schemes and decoding redundancy. A reason might be that in the case of 2-fold codon capture, the tRNA charged with the less deleterious amino acid (i.e., less important for protein stability) will be selected for.
Although it is suggestive that the solution seen in A. asiatica is an unstable solution and is generally deleterious and that A. asiatica is expected to also evolve to a position where it loses one of the two tRNAs in its evolutionary future, A. asiatica seems to have been living with stochastic translation for already 100 million years ( Figure S6 ). Stochastic translation might have been present in the ancestor of Ascoidea for an additional 100 million years before the split of A. rubescens. Thus, dramatically reducing the frequency of a certain codon and only using this codon in lowly expressed genes seems to be sufficient for a species to retain long-time viability. The growth rate of A. asiatica was similar to that of the other yeasts, indicating that the endogenous stochastic translation is not detrimental to A. asiatica's fitness in rich medium. Although the evidence suggests that stochastic encoding is simply tolerated, whether there might be unusual circumstances where stochastic translation is beneficial is worthy of consideration.
DISCUSSION
Here we have shown that A. asiatica has an exceptional system in which the codon CUG is translated as either leucine or serine at high relative rates in a stochastic manner. A consequence of this is that the proteome is not deterministically predictable from the genome. This is tolerated by selection against CUG (2) Pichiaceae (19) Phaffomycetaceae (4) Saccharomycetaceae (43) Dipodascadeae (16) Pezizomycotina (4) Basidiomycota (3) Schizosaccharomycetes (4) Saccharomycodaceae (6) "CTG-clade" Debaryomycetaceae Metschnikowiaceae (37) 
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tRNA anticodon Figure 5 . Yeast Phylogeny RAxML-generated phylogeny of 137 yeast species and 11 fungal outgroup species. Support values for major branches are given as bootstrapping replicates (RAxML-generated tree, numbers above branches) and posterior probabilities (MrBayes-generated tree, numbers below branches). For display purposes, species of major lineages have been collapsed into groups, with the numbers in parentheses denoting the number of species and the corners of the triangles representing the shortest and longest distances within the groups. Species and groups employing alternative genetic codes are indicated by color: ''CTG clade'' (DM clade) species A. rubescens, S. malanga, and S. fibuligera encode CUG as serine (red), N. peltata and P. tannophilus as alanine (green), and A. asiatica encodes CUG as both leucine and serine (purple). The grouping of the Ascoidea yeasts is consistent with a recent phylogenomics study [15] . Discrepancies with other published trees, which placed Ascoidea sister to the Phaffomycetaceae/Saccharomycetaceae/Saccharomycodaceae [34] or the Pichiaceae [17] , are best explained by the deeper taxonomic sampling of early-branching yeasts (24 versus 10) in our study and the considerably increased sequence data (26 proteins versus 5), respectively. For each yeast, the presence (colored dots) and absence (white dots) of tRNA isoacceptors encoding the leucine (blue colors) and serine (red colors) codons are depicted at the side of the tree. For lineages collapsed in the tree, the tRNA repertoire of representative species is given. See also Figures S5 and S6. generally, and especially at key locations and in highly expressed genes. The most parsimonious model to explain this supposes that the species has two functional tRNA species for the translation of CUG.
Are there any precedents? It has been reported that several nematodes encode leucine-type tRNAs with anticodons matching among others mainly glycine or isoleucine codons (together termed ''nev-tRNAs'') [35] , and that bacteria from the Clostridia, Proteobacteria, and Acidobacteria phyla contain novel types of tRNAs (termed ''allo-tRNAs''), which are structurally similar to Sec-tRNA and have identity elements of Ser-tRNAs but contain anticodons corresponding to 35 distinct codons [22, 36] . In vitro aminoacylation experiments demonstrated that the nev-tRNAs are leucylated and that these tRNAs are able to decode GGG and AUA codons in translation assays [35] . However, wholecell proteome analyses of Caenorhabditis elegans did not reveal detectable levels of leucines at GGG glycine codons, indicating that these nev-tRNAs are not used in vivo [37] . Similarly, multiple allo-tRNAs have been shown to be aminoacylated in vitro and to be used in translation in E. coli, but usage in their host organism has not been demonstrated yet [36] . Furthermore, although these allo-tRNAs suggest altered genetic codes in the respective hosts, genomic data demonstrating the presence or absence of standard cognate tRNAs are missing. Thus, these bacteria could have the genetic code strictly maintained or could employ alternative codes, and some might even show stochastic translation of one of the respective codons.
Our finding that stochastic translation is in general selected against but may still survive hundreds of millions of years in rare cases such as in Ascoidea clade species suggests that similar codon ambiguity might be present in other species as well although not yet detected. Bacteria with allo-tRNAs might be the best candidates to look for and investigate potential further cases of stochastic translation. Other principally deleterious codon reassignments, such as the dual decoding of stop codons, have also been found in independent species [9] [10] [11] .
Do the new data fit into existing models of codon reassignment? At first glance, the situation found in A. asiatica seems to represent a prime example of the ambiguous intermediate hypothesis, according to which a new mutant tRNA appears and competes with the original cognate tRNA [38, 39] . This competition is thought to cause gradual codon frequency reduction and codon identity change followed by loss of the former cognate tRNA, and finally results in codon reassignment. One of the main ideas behind this scenario is that there should be faster evolutionary processes, such as selection, than genome-wide mutation and drift in codon frequency, which are the main causes for codon reassignment according to the codon capture hypothesis [40, 41] many Saccharomycetaceae [14] . Third, codon reassignments do not necessarily happen by fast, selection-driven processes, as evidenced by 100 million years of codon ambiguity in A. asiatica and up to 100 million years in the ancestors of the Ascoidea and the Saccharomycopsis. All these findings can, however, be well explained by the recently proposed tRNA-loss-driven codon reassignment hypothesis [14] . Indeed, both the further reassignments in independent yeast branches and the CUG capture by GCU-type Ser-tRNAs are predictions of this theory. According to this theory, the reassignments in yeasts originated from a single event, the loss of the original cognate tRNA Leu CAG before the split of the Ascoidea clade. The free codon could have subsequently been captured by any tRNA Leu CAG , tRNA Ser CAG , or tRNA Ala CAG (being the only tRNA species where the anticodon is not part of the aaRS recognition site). Although not considered when the theory was originally proposed, the tRNA-loss-driven codon reassignment scenario also allows for capture by two different tRNAs, as found in the Ascoidea clade. The Saccharomycopsis can thus be regarded as silenced cases of dual-codon capture, whereas A. asiatica is a frozen accident of dual-codon capture trapped in ambiguity for about 200 million years.
Previous examples of codons with dual and triple meanings were stop codons with the respective translation highly regulated and specified by codon context. Our finding of endogenous stochastic decoding by competing tRNAs provides the first example of a living species where the proteome cannot be deterministically predicted from the genome.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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Mass spectrometry analysis
Data analysis and search were performed using MaxQuant v.1.5.2.8 [46] as search engine with 1% FDR. To obtain peptide mappings free of CUG-translation bias, 20 replicates for each genome annotation were generated with the CUG codon translated as different amino acid in each replicate. To reduce database size and redundancy, predicted proteins were split at lysine and arginine residues into peptides resembling trypsin proteolysis. Peptides containing CUG codons were fused together with the two subsequent peptides so that CUG-containing fragments can be detected with up to two missed cleavages. The remaining peptides were fused back together as long as they formed consecutive blocks. By this process we could reduce database size and redundancy by 31%-89% depending on CUG-usage in the respective coding sequences. Search parameters for searching the precursor and fragment ion masses against the databases were as described in Oellerich et al. [61] except that all peptides shorter than seven amino acids were excluded. The datasets were searched with the gene prediction dataset for the respective species, except for the second sample [2] of A. asiatica that was searched with both the gene prediction dataset from NBRP [ = 2A] and the newly generated AUGUSTUS gene prediction dataset [ = 2B]. To claim CUG codon translations with high confidence, we determined CUG positions with b-and y-type fragment ions at both sides that allow for determining the amino acids' mass. Only those positions were regarded as fully supported by the data. In addition, we regard the first two amino acids as combinedly fully supported if a b-and/or y-type fragment ion exists for the C-terminal site of this di-peptide and the combined mass of the two amino acids is unambiguous.
tRNA gene identification and alignment tRNA genes from 60 Saccharomycetes and four Schizosaccharomycetes were taken from a previous analysis [14] . tRNA genes for additional 77 Saccharomycetes sequenced since then were identified with tRNAscan [47] using standard parameters. The tRNAs from the 60 Saccharomycetes and four Schizosaccharomycetes were sorted by anticodon. From the newly sequenced yeasts, only the tRNAs with CAG anticodon were extracted from the predictions and added to the other tRNA CAG . The tRNAs from each anticodon group were aligned and mitochondrial tRNAs, fragmented tRNAs and obviously unusual tRNAs were removed manually. To generate a dataset with a broad and unbiased sampling of as many tRNA types as possible, redundancy for all anticodon groups but CAG was reduced to 90% sequence identity by applying the CD-HIT suite [48] . The CAG anticodon group was first split into leucine-, serine, and alanine-encoding tRNAs and then reduced to 95% sequence identity.
To prepare a representative tRNA dataset for tRNA-type determination, all tRNA CAG from the reduced alignments, the first six tRNAs from each leucine, serine, alanine, valine, phenylalanine, asparagine and methionine anticodon alignment, and the first six tRNAs from tRNA CAG the AGU threonine anticodon alignment were combined.
